A simple self-catalyzed chemical vapor deposition process was conducted to synthesize single-crystalline GaSb nanowires, where Ga droplets were utilized as the catalysts. The as-grown GaSb nanowires exhibited typical p-type semiconductor behavior with the calculated hole mobility of about 0.042 cm 2 V −1 s −1 . The photoresponse properties of the GaSb nanowires were studied by fabricating nanowire photodetectors on both rigid and flexible substrates. The results revealed that the photodetectors exhibited broad spectral response ranging from ultraviolet, visible, to near-infrared region. For the device on rigid substrate, the corresponding responsivity and the detectivity were calculated to be 3.86×10 3 A W −1 and 3.15×10 13 Jones for 500 nm light, and 7.22×10 2 A W −1 and 5.90×10 12 Jones for 808 nm light, respectively, which were the highest value compared with those of other reported Ga 1−x In x As y Sb 1−y structure nanowires. Besides, the flexible photodetectors not only maintained the comparable good photoresponse properties as the rigid one, but also possessed excellent mechanical flexibility and stability. This study could facilitate the understanding on the fundamental characteristics of self-catalyzed grown GaSb nanowires and the design of functional nano-optoelectronic devices based on GaSb nanowires.
INTRODUCTION
III-V semiconductor nanowires (NWs), such as InP, InAs, GaSb and InSb NWs, have attracted great research interests, due to their unique physical properties including narrow bandgap structures, specific crystal structures of the blende or wurtzite phase, high conductivity and large carrier motility [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . They have been widely applied in high-speed field effect transistors (FETs), photodetectors, photovoltaics, light emitters and so on [2, 12, 14] . Especially, GaSb NW as an important p-type semiconductor, has narrow direct bandgap (∼0.726 eV) and the highest hole mobility among all III-V group materials, recognized as the key basic units of nanoelectronics, such as high-speed FETs, infrared imaging devices, thermoelectric sensors, and infrared photodetectors [5, 7, [15] [16] [17] .
GaSb NWs were usually synthesized by molecular beam epitaxy (MBE), metal-organic chemical vapor deposition (MOCVD), thermal decomposition or CVD methods with gold as the catalysts [4, 9, [18] [19] [20] . For instance, Yu et al. [18] grew GaSb NWs on Si substrates by MBE technique. Utilizing MOCVD technology, GaSb/GaAs core/ shell NWs were synthesized on {111}B GaAs substrates by Guo et al. [19] . Yang et al. [4] synthesized single-crystalline GaSb NWs with a hole mobility of 200 cm 2 V −1 s −1 via surfactant-assisted CVD process. These processes usually need gold as catalyst. As we know, gold is incompatible with the common complementary metal oxide semiconductor (COMS) technique, which greatly limits the application of GaSb NWs in large scale semiconductor device integration [21] [22] [23] . Thanks to the successful production of single-crystalline GaSb NWs, researchers could be able to investigate the electronic properties of the NWs and use them as high performance electronic devices. However, the photoresponse properties of GaSb NWs are usually not as good as other semiconductor NWs mainly due to the high dark current induced by the natural high hole mobility of GaSb NWs, which hinders the high detectivity for the incident light [4, 7, 21, 24, 25] . Therefore, it is highly desirable to develop catalyst-free method to produce high-quality GaSb NWs with improved photoresponse properties. In this work, a simple self-catalyzed CVD method was utilized to synthesize GaSb NWs with Ga droplets as the impurity-free catalysts. The as-grown GaSb NWs exhibit typical p-type semiconductor behaviour with a calculated hole mobility of about 0.042
. Besides, the GaSb NWs possess good photoresponse to lights with broad wavelengths ranging from ultraviolet, visible, to near-infrared region. The responsivity and the detectivity were calculated to be 3.86×10 3 for 808 nm light, respectively. The detectivity not only improves about four orders of magnitude compared with our previously reported gold-catalyzed GaSb NWs, but also is 1-2 orders of magnitude higher than that of other Ga 1−x In x As y Sb 1−y NWs. To reveal the origin of the high photoresponse, the electric field distribution of the GaSb NWs was simulated using three-dimensional (3D) finite difference time domain (FDTD) methods. Flexible photodetectors were also fabricated, which not only maintained the analogous good photoresponse properties as the rigid one, but also exhibited excellent mechanical flexibility and stability.
EXPERIMENTAL SECTION
A horizontal quartz tube furnace was used to synthesize GaSb NWs, as illustrated in Fig. S1 . Commercial GaSb powders were placed in the heating center of the furnace. (100) Si wafer coated with 8 nm Ga film was utilized as the substrate, which was put 20 cm away from the heating center in the downstream region. In order to remove the air of the quartz tube, the furnace was first pumpted to 1×10 −2 torr, and then flowed with N 2 /H 2 gas (volume ratio 9:1) with a constant flux of 50 sccm. The temperature of the furnace was increased to 800°C in 45 min and kept for 2 h. After being cooled down to room temperature (RT), NWs were found to deposit on the whole substrate, as shown in Fig. S2a . The morphology of the synthesized sample was characterized by a field-emission scanning electron microscope (SEM, Hitachi S4800). The microstructures and composition were investigated with a transmission electron microscope (TEM, JEOL JEM-3000F) equipped with energy dispersive spectroscopy (EDS). GaSb NW-based photodetectors were fabricated on both rigid Si substrate coated with a layer of 300 nm SiO 2 and flexible polyimide (PI) substrate according to our previous reports [25] [26] [27] . The patterns of electrodes (Au 60 nm) were fabricated by the conventional photolithography, thermal evaporation, and lift-off process. The channel width was 10 μm, as shown in Fig. S3 . The photoelectric signals were collected from the source and drain electrodes at a given bias during the incident light irradiation. As an FET device, the underlying Si substrate would act as the back gate. The device performance was measured on a Keithley 4200-SCS semiconductor test system connected to a probe station. The incident light source was a power adjustable homogeneous light source system (a xenon lamp 500W) and a monochromator (7ISW301). The Ophir NOVA power meter was employed to test the power density of the incident light. All the measurements were conducted in open atmosphere at RT (25°C).
RESULTS AND DISCUSSION
The mechanism of the self-catalyzed growth of GaSb NWs can be illustrated as shown in Fig. 1a and b. During the CVD process, Ga droplets were rapidly formed on the Si substrate due to its low melting point. When the GaSb source was heated to 800°C, GaSb vapor formed and was carried by the gas to the low temperature region and deposited on the Si substrate downstream. With the catalytic effects of Ga droplets, GaSb NWs then grew governed by the typical vapor-liquid-solid (VLS) mechanism [28] . To manifest the VLS process, the (100) Si wafer with 8 nm Ga film was annealed at 800°C under N 2 /H 2 atmosphere. As shown in Fig. S2b , it is obvious that Ga droplets formed, which acted as the catalysts during the growth of GaSb NWs. Fig. 1c is the SEM image of the asgrown GaSb NWs. NWs with tapered structures deposit on the whole substrate, which are analogous to the previous report [20] . The lengths of the tapered GaSb NWs are 10-20 µm and the diameters are several hundred nanometers varied along the length of the NWs. Fig. 1d depicts the TEM image of a single GaSb NW. The tapered structure can be clearly seen, in good agreement with the SEM result. Droplet is attached to the top of the NW, confirming the VLS mechanism. EDS analysis was implemented on the rectangular zone shown in Fig. 1d inset. It is obvious that Ga and Sb elements are distributed uniformly on both "stick NW" and "top nanoparticle", which reveals the formation of GaSb NWs. Fig. 1e is the high-resolution TEM (HRTEM) image taken from Fig. 1d . The high distinct lattice fringes are presented and the spacing distances are 0.34, 0.29 and 0.20 nm, corresponding to the (111), (002), and (220) of GaSb with the zinc blende phase (PDF#07-0215). Fig. 1f depicts the EDS data of the rectangular zone in Fig. 1d . Except for very weak peaks of O and Cu from environment, all peaks are indexed to Ga and Sb, which further identifies the formation of GaSb NWs.
To investigate the electrical and photoresponse performances of the as-grown GaSb NWs, single NW FETs/ photodetectors were fabricated on Si/SiO 2 substrate as described in the Experimental section. Fig. 2a demonstrates the structure of the device where the 300 nm SiO 2 is the dielectric layer and the monocrystalline Si (100) is the back gate. Different from common Ni, Ni/Au or Ti/ Au electrodes [4, 8, 23] , 60 nm Au was used as the electrode to build Schottky barrier between the electrodes and the GaSb NWs in order to decrease dark currents. Fig. 2b is the drain current (I d ) versus the source-drain voltage (V d ) curve under a dark condition. The back-to-back Schottky contacts could be observed obviously [29] . Fig. 2c displays the I d and the gate current (I g ) versus the gate voltage (V g ) curves at a given V d = 5 V. It is evident that the value of I d is 1-2 orders of magnitude higher than that of I g , exhibiting a well electrical property of the FET device. From the I d -V g curve, I d is obviously decreased with the increased V g , affirming the p-type semiconductor behavior of the as-synthesized GaSb NWs [4, 8, 23, 30] . The threshold voltage (V T ) is at around 11.3 V. From the linear regime of the I d -V g curve, the transconductance (g m ) could be attained by the equation [25, 31] :
The transconductance was calculated as 0.3 nA V −1 .
Therefore, the field-effect hole mobility μ h of the GaSb NW-based FET could be acquired by the following equations [25, 31, 32] :
, ε r is the relative dielectric constant of SiO 2 (ε r = 3.9), L is the GaSb NW length in the channel (10 μm), h is the thickness of SiO 2 dielectric layer (300 nm), and r is the radius of the NW (175 nm). The hole mobility μ h could thus be calculated to be 0.042
In Fig. 2d , the currents versus the voltage (I-V) curves of the GaSb NW-based photodetector were measured under monochromatic lights with the wavelengths ranging from 300 to 808 nm. Compared with the dark currents, all the photocurrents curves have been significantly elevated. The responsivity (R λ ) and the external quantum efficiency (EQE) are significant criteria for the detection properties of photodetectors, which can be defined by the following equations [14, [25] [26] [27] 33] :
where P is the power intensity of incident light, S is the effective illumination area, I photo and I dark are the photocurrent and the dark current, h is Planck's constant, c is velocity of light, e is elementary electronic charge, λ is the wavelength of incident light. To eliminate the impacts of incident wavelength power intensities on the above I-V curves, the power intensities were normalized by the R λ equations in Fig. S4a . In Fig. 2e , f, the spectral photoresponse was measured at the bias of 5, 3 and 1 V, respectively. We can see that the GaSb NWs show obvious response to lights covering all the wavelengths from ultraviolet to near-infrared region, due to its narrow bandgap of 0.726 eV. Thus, the as-grown GaSb NWs may be good candidates for broad spectral response photodetectors. From Fig. S4a and Fig. 2e % for 808 nm, respectively. Illuminated with visible and near-infrared light, the photoresponse performances of the GaSb NW-based photodetector were investigated systematically, as depicted in Fig. 3. Fig. 3b depicts the I-V curves of the device under 500 nm light with varied power intensities from 10.2 to 22.6 μW cm −2 as well as dark condition, respectively. The photocurrents were found to increase gradually with increasing light intensities. The relationship between photocurrent and light intensity is shown in Fig. 3c with a power law of I PD~P 0.22 , where I PD is the photocurrent [25, 27] . It means that the increase of the I PD would be gradually slow down with the enhancement of the P. The dynamic photoresponse of the device to 500 nm light with varied light intensities of 10.2, 14.0 and 22.6 μW cm −2 are exhibited in Fig. 3d , respectively, where the photocurrents versus time (I-t) curves are recorded at 5 V bias by periodically turning the light on and off. Under the same power light, the photocurrents increase to the saturated state when the light shines, and then recover the original state when the light turns off periodically. Meanwhile, the saturated photocurrents are increased with the light power enhanced. Similarly, the I-t curves are also tested by turning on and off 500 nm light with 22.6 μW cm −2 at various biases of 5, 4 and 3 V in Fig. S4b . The photocurrents are also at "on" and "off" state regularly and increase with voltage elevated. The good reproducibility and stability of these I-t curves manifest good photoresponse of GaSb NWs to 500 nm light. Under the visible light of 600 nm with 16.0 μW cm −2 , the I-t curves which have good photoresponse were measured in Fig. 3e . Similarly, Fig. 3f shows the I-t curves have good photoresponse under near-infrared 808 nm light with 33.4 μW cm −2 . The response time was investigated with the enlarged one cycle I-t curves of 500 and 808 nm, respectively shown in Fig. S5 . Defined as from 10% to 90% of photocurrents peak value, the reponse time for 500 and 808 nm light is 3.55 and 8.68 s, respectively. The relative slow response time in near-infrared region may result from the feeble incident power [2, 17] . The detectivity (D * ) is the vital parameter for photodetectors, which is defined as follows [24] [25] [26] [27] 33] : drastically compared with our previously reported Aucatalyzed GaSb NWs [8] . The photoresponse enhancement results from two reasons. One is the self-catalyzed grown GaSb NWs without other elements impurity. The other reason is that the separate Au electrode is adopted to build Schottky barrier which decreases the dark currents. Due to the lightweight, portable, and foldable properties, flexible electronic devices have intrigued the enthusiasm of scholars in the last decade [41] . To study the possible application of the present GaSb NWs for flexible electronics, photodetectors were then fabricated on flexible PI substrate as shown in Fig. 4a. Fig. 4b shows the I-V curves of the flexible photodetector under dark condition as well as under various lights with wavelengths ranging from 300 to 808 nm. The flexible device has obvious response to lights with wide wavelengths including ultraviolet, visible and near-infrared lights. Similar to the device on silicon substrate, the photoresponse performances of the flexible one also decrease with increased incident wavelength as shown in Fig. S6a . The photocurrents of flexible device are rather lower than that of the rigid device due to the worse contact between Au electrodes and the flexible PI substrate according to previous reports [25] [26] [27] . Fig. 4c shows The mechanical and electrical stabilities are very important parameters for real applications of flexible devices. By setting the flexible photodetectors on a movable stage, we can bend the device at different angles, as shown in Fig. S7 . By the simulation of MATLAB software, the bending angle is thus defined, as depicted in Fig. 5a . The θ 1 and θ 2 are the angles between the tangent and the horizontal direction, thus the bending angle θ is the sum of θ 1 and θ 2 . Fig. 5b is the stability data of saturated photocurrents when the flexible device is irradiated with 500 and 800 nm light under various bending angles, respectively. The saturated photocurrents under different bending angles are quite stable, indicating the good electrical stabilities of the flexible device. Fig. 5c and d are the I-V curves of the flexible device with the bending angles of 0°, 30°, 60°, 90°and 120°, when irradiated with 500 and 808 nm lights, respectively. All of the curves fit well with each other, confirming the excellent mechanical flexibility and electrical stabilities of the GaSb-NW based flexible device.
To investigate the photoelectric conversion properties of the GaSb NWs in detail, the electric field distribution of the NW was simulated using 3D FDTD when the NW was illuminated with 808 nm light. Fig. 6a and b are the |E z | distribution in X-Y and Y-Z planes. In Fig. 6a , it is easy to find that the electric field intensity is weakened along the direction of the incident light. The active area is mainly near the surface of the GaSb NW, consistent with the classical theory of 1D photodetection [14, 24, 26] . The photon-generated electron-hole pairs result in desorption of oxygen molecules which are adsorbed on the surfaces of the NW. Therefore, the space electric field distribution near the NW surface is changed [24, 26, 42] . Meanwhile, the photocurrent will be boosted due to the remaining free carriers in the NW. Fig. 6b is the Y-Z plane where the X position is −80 nm. Although the electric field intensity is relatively feeble, the dominant surface behavior could be clearly observed. The great mass of incident photons could be absorbed to generate electron-hole pairs, resulting in the photoelectric conversion near the surface of the NW.
CONCLUSIONS
In summary, GaSb NWs were grown successfully in a conventional CVD system via a self-catalyzed approach. The as-synthesized GaSb NWs possessed a typical p-type semiconductor character with the hole mobility of 0.042 cm 2 V −1 s −1 and wide spectral response from ul- 
